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NASA Scientists are Envisioning Missions
Involving Fleets of 10s of Small Spacecratft...
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... to Enable New Science and

' Efficient Exploration




Motivating Example
Spacecraft-Based Radio Interferometry

Radio interferometers:

« Radio telescopes consisting of
multiple low-frequency antennas

« Achieve the same angular
resolution as that of a single
telescope with the same aperture

=» Typically ground-based

Source: http://www.passmyexams.co.uk/GCSE/physics/images/radio-
telescopes-outdoors.jpg

Want to do this in space:

* Frequencies < 30Mhz blocked by
jonosphere

« Cluster of spacecraft (3 — 50)
functioning as interferometer in LLO

=» CubeSats or SmallSats are
promising enablers for this
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Which Architecture is Optimal?

Same functionality, different
qualities / performance
| & Examine trade-offs

Very large number of architectures
| that satisfy mission objectives
= Need automation :

Functional allocation is key
Can the use of Artificial - Synthesis problem
Intelligence help design
such missions?
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Abstracting the Problem Domain

e Domain model

Mission PY

— Concepts and behavior

— Attributes and parametric I (]
sc [*

relations

— Associations & other relations

Spacecraft

=» Describes a universe of K
discourse: many models in
domain

=>» Describes structural part of ¥l 0..1]

AV

Igs [

Ground Station

V

Communicating Element

the problem

« Typically with addl. well-
formedness constraints, e.g.:

“All spacecraft must (transitively) be connected to at

least one ground station through a communication link”

1 July 2018 For Planning and Discussion Purposes Only

Tsource [1] Ttarget [1]
cl ["Ny

Communication Link

+dataRateMbps : float

Any well-formed model
in the domain is a
candidate solution
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Rule-Based Model Generation
Model Transformation Rules as Enablers for Evolving Solutions

""""""""""""""""""" 2
I 1

 Model transformation rules

as operations for creating | [ M Mission | m: Mission
and / or evolving a given g | DE\ s
design / model in domain ; sc: S/C hgm

— LHS: Condition for match in :
input model (e.g., “find an Left hand side : Right hand side
element of type Mission™ (Condition) | (Operation)

— RHS: Operation to be Rule “createSpacecraft”
performed (object creation, -
modification, deletion) sc - S/C i sC - S/C 5

* Here: endogenous, in-place : i
: | ms : | |
transformations | i ' Nev B :

: .| pl : Payload hm pl - Payload hm 5

« Can also encode design | ' 5

heuristics this way! Left hand side ' " Right hand side
| (Condition) ' . (Operation)

_____________________________________________________________________

Rule “addPaonad”
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Model-Transformation-Based Exploration

o | - 1
Starting Point i : Mission i i : Mission |
(could be empty) | _ | T so | | |
: | | scl : | | sc1:S/C i
| : Mission | i ':'_": i
Afset:sic| | | seasSed) | sc2 : SIC |
i i A | p1 : Payload i
——————————————— { | i
| J
1 I —— [
- | | : Mission |
| : Mission i | |
| : : | sc1:S/C |
i sci: S/C I | [|.p1 : Payload | = Can represent well-
| |Lp1 : Payload i | ==j formed solutions as
| i | sc2: S/C | sequences of
e : | == transformation rule
“““““““““““ applications
Activation of createSpacecraft rule S
=== Activation of addPayload rule .| Model state
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Evolving a Population of Models

Example: Using Genetic Algorithms to find Pareto-Optimal Solutions
Determined through

Crossover analysis / simulation
. . Add Add Comm l _
(Selection from (Obj. Fet.

population) Values)

. . Add Add Ka-Band ' _

Here, individuals are sequences of transformation rule activations
- Each genome in population is a variable with set of trafo rules as range

New: - fitness=0.8

M . Could also be a
utation “placeholder” transformation

(= rule “do nothing”)

(Recombined individual in next generation)

Can also use other Optimization Techniques, e.g.: Hill Climbing
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Evolving a Population of Models
lllustrative Example

Individual x:

Individual y:

- Mission

sc2 : S/C s&
ﬁ)mmLinM

sc1:S/C

SC

- Mission
sC
sC
C
New: - Mission
1 July 2018

SC

P

c1: KaComm

recombined to
Mutation

pl
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The Kigen Modeling Language (KigenML)
Design Problem Definition in KigenML

/* Domain description */
type ConstellationMission {

var spacecraft : Spacecraft [ 2 .. 50 ]
fun cost = { ..// Some complex function
fun benefit = { .. // Another function

constraint atlLeast2SC: filter(
spacecraft,
(s : Spacecraft)
=> s.payload !'= null
).size > 1)

}

type Spacecraft {
var payload
}

abstract type Payload

: Payload [ 0 .. 1 ]

/* Initial conditions */
model myMission of ConstellationMission {
model scl of Spacecraft in spacecraft
model sc2 of Spacecraft in spacecraft {
model pl of InterferometryPayload
in payload

}

/* Define optimization criteria */
minimize myMission.cost
maximize myMission.benefit

solve optimize using 'nsgaii' 30 times
with
populationSize 100,
maxGenerations 20,
maxSolutionLength 15

type InterferometryPayload
extends Payload

Able to derive domain model, rules
& compile executable optimization
problem from a Kigen program

1 July 2018
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Implementation
Open Source Technologies Used in Implementation

« Kigen Modeling Language o)
Sxtext Xtest
©emf

» Representation of Domain

- Ecore I ECIipse EMF + OCL le MODELING FRAMEWORK
« Exploration Rules Hn
=> Henshin (( m
=
« Analysis Models / Fitness Functions :
-> Java Java M
W o
» Optimization Using Genetic Algorithms MOEA Framework
= MOMoT, MOEA e
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Results from Application to Case Study

Visualization of Trade Space

09 Coverage vs. Cost for Different Mission Durations (min) x10°
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3U CubeSat 2

X-Band,
200 k

X-Band,
m

3U CubeSat 5

(1.6MB/s)

3U CubeSat 6

(1.6

/s)

3U CubeSat 1

X-Band, 1
385k km !

|
(0.7MB/s),

|
|
|
|
1
|
v

Ground Station

X-Band,
2
(1.6MB/s)

X-Band,

6U CubeSat 2

X-Band,

385k km
(0.7MB/s) _ -~

-

- 3U CubeSat 3

Results from Application to Case Study

Knee Point Solution

6U CubeSat 1

X-Band,
200 Km
(1.6MB/s)

200 km —

(1.6MB/s)

X-Band,
385k km

(0.7MB/s)

3U CubeSat 4

3U CubeSat 7

“Knee Point” Solution

For Planning and Discussion Purposes Only

$4.7M, ~0.79 coverage (10h observation)
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Conclusions

Demonstrated the use of Al methods for supporting design &
systems engineers in exploring a highly complex trade space
— Able to generate diverse set of alternatives in a reasonable timeframe
— Solutions determined based on abstract description of problem
— Enables designers to focus on analysis, and consider more options

The generated candidate solutions can help spark creativity, but the
method doesn’t replace a team of engineers

— Meant to support designers in the creative process

— Analyzing results of optimizer can reveal missing information if results
don’t seem sensible

Good performance for problems with limited scope, but should
investigate methods for automatically dividing into sub-problems

For Planning and Discussion Purposes Only 15 jpl.nasa.gov
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Derived Artifacts from a Kigen Program

Domain Model

Exploration

oomantiss
Pl
Gl
wasen

[ Kigen Program }

Optimization
Configuration

Initial Solution

For Planning and Discussion Purposes Only 18 jpl.nasa.gov



Generated Code

A Java class is created for each v (% emf-gen
v £ kigen_gen_paper.kigen_gen_paper

> @_gen BasmEIement Java

“type” — code generation is based
on GenModel mechanism in EMF

 These classes can be directly used

in externally defined simulation > [ kigen_gen_paperFactory.java
> @kigen_gen_paperPackage.java

mOdels > @Payload.java
) > @Spacecraft.java
// KigenML—Prograt . . .
type(ConstellationMission v 88 kigen_gen_paper.kigen_gen_paper.impl
P> L _gen_ BasmElementlmpI java
fun someComplexSimulation = > en_L rProble I.java
jvmcall mysim.Sim.simulate(this) >
; » |J] InterferometryPayloadimpl.java

> D] kigen_gen_paperFactorylmpl.java
> m kigen_gen_paperPackagelmpl.java

// Java Program » [} Payloadimpl.java

public class Slm {

public st v imulate( » |J] Spacecraftimpl.java
Constellatloansswn theMission) { v £ kigen_gen_paper.kigen_gen_paper.util
returm 8-« > @ kigen_gen_paperAdapterFactory.java
) } > D] kigen_gen_paperSwitch.java
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Finding Models in Domain
Mechanized Exploration

Which
interferometry
missions are
optimal with
respect to cost &
scientific benefit?

“A constellation mission consists of at
least 2 spacecraft and at most 100”

Solution Problem
“A spacecraft can, but does not have G&wation Description
to contain the interferometry payload” BestiRénfaomiagn Which models in
. ' e the domain are we
“Operation of the interferometry E. g__/\/@&!gltgﬂgtgﬁ%%gon A : o
with 3 spacecraft, one of which looking for*

payload operation requires power”

T practice, too many possible
solutions to generate & compare all
=» View as a search problem

1 July 2018 For Planning and Discussion Purposes Only 20 jpl.nasa.gov



Application to Case Study

Representation of Domain (Excerpt)

Domain model in
Ecore + OCL

EE ConsteflationMission | [ g InterferometryMission
[ I . - - (] . -
[1-1] antenna - 7 /totalCost: EFloat = O - 1 observationTime : EFloat = 2.4
Q CommSubsystem T /missionDuration : EFloat = 0. P /achlevedCoverage : EFloat = 0.0

‘ EE Antenna ‘

[1-1] groundstationnetwork [2.50] spacecraft
— Gain:EFloat = H cubesaau
i 00 \ \
\ ‘% CroundStationNetwork @ Spacecraft |~
[1-1] ranscelver | ) ( J T /effectiveUnitCost : EFloat = 0.0 |4 B cubesatu
1 1 l _’._ & firstunitCost : EFloat = 0.C
‘ E@ FImnscetns ‘ V i & maxTransmitPower : EFloat = Q.
[1.1] target [1.1] source
— transmitPower "E CommunicatingElement T /woalDataTosend: EFloat =00 |4 1 [ Smalisat
i :EFloat = 0.0
— frequency :

i EFloat = 0.0

[ @ DirectedCommunicationLink ] | ’ ‘ (0..1] payload ‘ —_—
l‘? pathLength : EFloat = 0.0 J [1.2] ccmgon.wbsystem H interferometryPayload
7 /dawRate : EFloat = 0.0 CJ dataAcquisitionRate : EFloat = 0.0
1\ i ‘ Favioad ’—{D toraID:taCollected EFloat = Od
[0..1] communicationLink )
20 concepts, 9 associations, 15 attributes / parameters
10 i
> 48'° possible models | 155 many for

exhaustive search

jpl.nasa.gov



Application to Case Study

Transformation Rule Example (Henshin Syntax): Add Comm. Link

Condition

—_———

LHS and
RHS folded

together

f Rule addCommLint T T T T T T T T T T T e — .
= R e Y Transformation
// «fo 'd--\ - -
e «torbids communicationLin® RUIeS In
_ e L e \ .
/// :DirectedCommunicationLin < : HenShln
|
|
[P I
’l /// \\\ ll
,’ :Spacecraft /// \\ 4”:Spacecrah :
commGnicationLinf ,' II
[ ﬁ' II

[

/

:CommSubsystem //

e

~—_——

/

/

|
communicatio}hSubsystew

-~ =~ creates
Wt
~

|
-
communicationSubsystem

\ :CommSubsystem

:DirectedCommunicationLin

creates

Operation

2 pathLength=200

In Prose: “Find 2 distinct spacecraft instances, and
add a communication link between them”

jpl.nasa.gov



Application to Case Study

Analysis Model Definitions
Cost Model

—0.25

Ci = Chase type(i) - ntypc_u.} + Ceonf,i

Ctotal = Z € + 100, OOOtobs

=1

Data Management Model

« Data out = own science + data in
« Simplified operations

MNgae
dout,i — dscience,i + E din,j

i=1

Science Model

cov = (1 — —)1+9(1/t°"*) + 0.05 ‘b
' Nobs 3

Communication / Link Model

Transmitter Configuration | 200 km | 385k km

UHF, 3 W, 1 dBi 5 Mbps -
X-Band, 5 W, 10 dBi 1.6 Mbps | 0.7 Mbps
Ka-Band, 15 W, 25 dBi 220 Mbps | 80 Mbps

jpl.nasa.gov




Evolution of Population (Algorithm: NSGA-II)

Achieved Coverage (%) vs. Cost (M$) vs. Mission Duration (s)

Je |

Coveraqg
o
(Fe]

> o
o o
nooo

o
o
=

o
o)
(V1)

000
s
000
’
’
’
’
’

’

13,6
13,80
14,
14,2

-2
’

200 000
0,000
00 000

S800 000

J,000

000 000
D0, 000
200 000
0,000

’
00 000
U, 000
00 000
’

200 000
00 000
000 000

,ol

1':56':' I:l’ 00
) 800 000
000 000
41
6
2,8
000
4 200000
14,40 D}D a0

11
1
1
12,
12,
12
13,
13

’

10

11,

11,2

11,400,000

11,6
13,400,000

Cost (M$)

B Nondominated Architectures

1 July 2018 For Planning and Discussion Purposes Only 24 jpl.nasa.gov



Additional Analysis

Clustering of Solutions

09 Coverage vs. Cost for Different Mission Durations (min) x10°
. T I I I T I I I
[ 4 o o
0.8 e 6 oo | 4
) o 0400 o o
o0 g 00 o
0.7 L i 135
'0
13
0.6 . o i
(O]
2 0.5 | o5
% 0.4 E.g., k-_mear_ms | ,
o clustering with graph
0.3 edit distance and _ 15
02 feature selection for 1
' similarity
0.1 _ 0.5

12 14 16 18
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Results from Application to Case Study

Visualization of Trade Space

Coverage vs. Cost for Different Mission Durations (min) x10°
3U CubeSat T T T 1 T T T T ]
Small Sat 200km ol St 14
3U CubeSat 3U CubeSat
X-Band s X-Band Small Sat \Zoom 413.5
385Kk km 385k km Small Sat E
ek S 13 £
[
| Ground Station 25 g
©
| -
)
- n 2 O
[
(@]
- i 15 %
D
=
0.2 — | 1
0.1+ - 0.5
0— L !
0 14 16 18
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Results from Application to Case Study

Examples of Pareto-Optimal (Nondominated) Solutions

UHF,
Small Sat 200km
3U CubeSat | Small sat
UHF,
\200km
3U CubeSat 3U CubeSat Small Sat
Small Sat
X-Band,
385k km &
X-Band, X-Band, Ka-Band, Ka-Band,
385k km 385k km 385k km 385k km Has two
\ / comm.
: Capability systems
Ground Station driven Ground Station
Candidate Solution #1 Candidate Solution #2
$1M, ~0.02 coverage (1h obs.) $10M, ~0.4 coverage (9h obs.)

Similar mission duration, but #1
has much longer downlink time
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Application to Case Study

Number of Units vs. Effective Unit Cost (in M$)

w

Three objectives:
— Minimize cost

— Maximize coverage (measure
of scientific benefit)

— Minimize mission time

N
o

N
T

e SmallSat (~100kg)

-
3
T

Effective Unit Cost (M$)

6U CubeSat
0.5+

« Typical link budget for data rates _ 30 Cubesat
é ‘I‘ é é 16 1é 1]4 1I6 1I8 20

 Data collection & transfer model Number of Units

. Abstracted away orbit design e
through coverage model
« Experiment setup:
— 16 transformation rules
— 180 variables per individual
— NSGA-II with population size

12 14 16 18 20

1000, and 100 generations © " Number of Units with Interferometry Payload
— 30 runs* Fictitious cost model (top)
* 8 core Intel i7 @ 2.7Ghz, 16GB DDR3 RAM and coverage model (bottom)

jpl.nasa.gov



Framework
CDS for Mission Architecture Design

Mission-Specific Objectives
a Requirements, Q

Constraints, Hints

Design
Rules

Component
Library

t

Analysis
Models

Tradespace Visualization Pareto-Optimal Architecture(s)
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Application to Case Study

Link Calculations

« Derived from standard link budget, assuming above average noise

due to expected interference from M

Table 1. Computed communication rates. 385k km case
assumes 72 dBi receive antenna gain for X-band, and

oon

85 dBi for Ka-band (similar to DSN).

Transmitter Configuration | 200 km | 385k km
UHF, 3 W, 1 dBi 5 Mbps -

X-Band, 5 W, 10 dBi 1.6 Mbps | 0.7 Mbps
Ka-Band, 15 W, 25 dBi 220 Mbps | 80 Mbps

1 July 2018 For Planning and Discussion Purposes Only
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Application to Case Study

Cost Calculations

« Cost per spacecraft calculation incorporates a learning curve

« Assuming $ 100,000 per hour of observation to estimate observation
and data processing cost

—0.25

Ci = Cpase,type(i) type(z) +C Cconf,i (S)
Nac
Ctotal = Z Ci + 100» 0002 ps (6)

1=1
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Application to Case Study

Coverage
« Simple coverage calculation

2
cov = (1 — —— )19 /%ebs) 4 0 05

Nobs

« Surrogate model that reflects
trends observed from more
sophisticated telescope array :
simulation performed by ’
Alexander Hegedus
(https://github.com/alexhege/

-1.02e+05 Jy/beam

Orbital-APSYNSIM/)

1 July 2018 For Planning and Discussion Purposes Only
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https://github.com/alexhege/Orbital-APSYNSIM/tree/master

Results from Application to Case Study

Coverage vs. Mission Duration

Coverage vs. Mission Duration for Different Costs

09 T | | [
. . b 16
0.8 | . !
Y )
0.7 ® - 114
06 - ¢ | 112
L
© 05+ _ 10
(O]
8 0.4 _ 8
O
0.3 | 6
0.2 N 4
0.1 N »
o | | | | | |

|
1.5 2 2.5 3 3.5 4 4.5 5
Mission Duration (min) x10°
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Results from Application to Case Study

Cost vs. Mission Duration

x10°  Cost vs. Mission Duration for Different Coverages

45 T [
410.8
4L i
410.7
. 35+ -
c
£ 3¢ | 410.6
S 05
= 25+ | .
©
a ol 1 0.4
S
:g 1.5 I | 03
= O
1+ - 0.2
N 0.1
?‘. | I | I
10 12 14 16 18 20
Cost (M$)
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Motivating Case: Mars Cave Exploration
Select Network-, Vehicle- and Operations-Level Trades Minimize cost,

Maximize distance risk

Option 1: smaller into cave
number of nodes, (at least 100m)
higher risk of
comm.
failure Science Tasks

1. Map out cave
Cheap, 2 LiDAR? Stere

Option 2: larger
number of nodes,
higher connectivity
(smaller risk of
network failure)

Expensive, robust

risky

Imaging?

2. Measure
environmental

properties
= temp, rad, ...

3. Secondary measurements
Maximize science return

. _y @ Obstacle
Small spacecraft ~ limited capabilities © spacecraft Vehicle

o Whi
> How_many rovers ._Wh_lch assets . B Base (e.g., Axel rover)
are equipped with which instruments* — Possible comm. path

1 July 2018 For Planning and Discussion Purposes Only 35 jpl.nasa.gov



Analysis & Visualization of Optimizer Results
Analysis of Feasible Solutions (I) & Visualization of Trade Space (r)

Generated Architectures by Number of Rovers MEV Mass of Rover System (kg) vs. Cost (SM) for
10 Rovers Constellations of n Rovers
SRowers % . Need low-cost EDL M SLﬂLimit
gy 31% solytion for low budget ’ o

7 R;);)ers _—d—__; 400 Conce pts °
) o
\ 200 ‘O ..0 [ ]
6 Rovers 200 .
\ 7£ MER Limit
SRor A . ﬁ‘L Limit for Phoenix-like Lander
4 Rovers 0 50 100 150 200 250 300 350 400 450

7%

=» Integrated vehicle, operations & network design optimization

Maximum Durations of Generated Missions, Max Traversal Capability (m) vs. Max Data Return
Grouped by Number of Rovers in Constellation Capability (Mbit) for Constellations of n Rovers
o Less emphasis on relay, but riskier 300 2_4 rovers
50 mm,.,.,,...wor + h.eayler rovers
40
Iqeal
* | More data capability - -
20 I /I\ os | .'.. s 2 i .“ * 00
100 - e Target Depth
O.l I -lIIllIII-_ll-ll II . I S DR 9 P
7 8 .
BM<1day BE1-2days M2-3days 3-4 days M> 4 days 0 Clear trade-Off obog)theooeogg de&oo 300000

data & how much data/m req.?
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Results from Mars Cave Exploration Mission
Case Study

1 July 2018

250

Maximum Distance Traversed (m)
3

o

S

-
[*))
o

o
o

—’mréj’ A L 10
®e ‘.‘0 ‘e 7 : 9
e® ®e ’ b
Y, ce*? L B ¢
e Tac,, 5 8
> e $ % o a
‘e’ s Ry o -
® * el o e 6
* o h a 1
‘; ?, 5
kel bed
i ‘ - $ o .
s * ;
. . . . | 5
0 50 100 150 200 250 300

Maximum Data Returnable to Base (Gbit)
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Capturing Design Options & Rules Formally

Optimized Integrated Network Constellation Design

-}

bdd [Package] Structure [ Constellation Mission Architecture Deﬁnitionu

Any constellation mission
is defined to have at
least 2 spacecraft

spacecraft |2..*

[ollF

pcture

* Developed modeling
framework
* Modeling in progress

n dataReceived

{ dataTransmitted

? an

1.7

groundStation [1..
«block»
Spacecraft

«block»
L .

scCommlF : CommunicationlF [0.."]

«Proxy» «Proxy»

GroundStation

gsCommlF : CommunicationlF

Constraint: components &Té?;"fi?;‘;ki"k

cannot communicate ‘

with themselves )

«block»
Communication Link

3

ibd [Block] Constellation MissionArchitecture| Possible Communication PathsD

spacecraft : Spacecraft [2.."] _L
end2

groundStationsLink : Communication Link

{end1 <> end2}

dataRate
frequency

L groundStation : Grour

end1

0.’

«proxy»
scCommlF : CommunicationlF [0.."]

gsCommlF : CommunicationlF

0.° -

«Proxy»

1 July 2018

other and / or ground

end1
0.
spacecraftXLink : Communication Link
end2 \
o S ft
T pacecraft can

L communicate with each

For Planning and Discussion Purposes Only

Generic: synthesis
engine must only
understand
UML/SysML+OCL
semantics!
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Instance Creation: Example Partial Instance
Optimized Integrated Network Constellation Design

bdd [Model] Data[ Instance of the ConsteIla(loanssionArcmtectureu

«block» =
sampleMissionCommunicationArchitecture : ConstellationMis sionArc hitecture

groundStation = JPL Ground Station
spacecraft = mothership, daughtership1, daughtership2, daughtership3, daughtership4

«block» =
JPL Ground Station : GroundStation

bgsCommIF =gsComm

5 Spacecraft: = e T Communication:

end1 = earthComm

* 1 Mothership « MS <& Ground
* 4 Daughterships « DS & MS

«block»
: Communication Link

«block» = «block» =
daughtership2 : Spacecraft daughtership1 : Spacecraft
scCommlF = daughtership2Comm scCommlF = daughtership1Comm
«block» =
mothership : Spacecraft
«interfaceBlock» B scCommlF = earthComm, spacecraftXLink winterfaceBlock»
daughtership2Comm : CommunicationIF daughtership1Comm : CommunicationIF
l end1 = spacecraftXLink ‘ | end1 = spacecraftXLink
|
«interfaceBlock» =
earthComm : CommunicationlF
end2 = gsComm
«interfaceBlock» = «blocky
«blocky» spacecraftXLink : CommunicationlF . 3
.C i : Communication Llﬂ#
~ommunication Link end1 = spacecraftXLink

end2 = daughtership3Comm, daughtershipAComm, daughtersk
daughtership2Comm

‘ o . * Next step: automate

daughtership3 : Spacecraft

e e Future: need to find more

«block»

«interfaceBlock» = : Communication Link

e S | appropriate visualization

end1 = spacecraftXLink

1 July 2018 For Planning and Discussion Purposes Only oy Jpr.nasa.gov



Component & Analysis Library

Optimized Integrated Network Constellation Design

bdd [Package] BatteryArrays [ Battery Arrays u

Results from team, DARPA F6
o and TeamXc leveraged for

BatteryArray
- L]
111 ” part
Templates” for | sy s { component & analysis library |
bdd [Package] §
«block»
) constants Constants
«block» SolarPowerProduce dAnalysisContext Bbsi A
NanoPowerBP4 , solarConstant = 1367W/m2
opTemperatureMih; -10degC {redef
opTemperatureMax = 60degC
cost = 2450Eur solarCellArray |
mass = 240g «block»
chargeCumentTypical = 1300mA SolarCellArray solarPowerProduction Analysis
chargeCumrentMax = 2600mA -
maxDischargeCurrent = 3200mA A - «constraints
ower
par [Block] SolarPowerProducedAnalysisContext] SolarPowerProducedAnarysisComextu L SolarPowerProduce dAnalysis
| [ solarCellArray : SolarCellArray } {P=A_a“ efficiency * solarConstant}
units : SolarCellUnit [1.."] ‘ its 1. -]
1 AgeneratedP i ,j locks Aa
genera ower = ’j efficiency ef?loiency
solarConstant

Can represent arbitrary
analysis model

P Aa efficien: J

r

u my . :
solaerrProductionAna:;:;:s::as:l:rf::;;r;dy;:x:m:% [ constants : Constants | Ana|ySIS (o]0 ntext Separates
el analysis & design concerns

«equaly «equaly «equaly
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Content / Outline

« Context / problem statement 2min [p]
« Challenge 1min [r]
« Approach
— Rule-based exploration, meta-model + rules, chain of rules 2min [a]
— KigenML to specify, include objectives 1min [n]
— Optimization mechanism(s) (+ mention post-processing) 1.5min [a]
 Results
— Interferometer Tmin [r]
— [Cave] 1min [r]

— (Just mention clustering)
— (What was surprising?)

« Conclusions 1min [n]
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